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ABSTRACT 
The effect of broadened molecular weight distribution on fa- 
tigue crack propagation and fatigue fracture surface appearance was 
Investigated in poly(methyl methacrylate).  Samples of PMMA were 
prepared using a two-step polymerization process In which a pre- 
polymerlzed fraction was dissolved in monomer.  The monomer was 
then polymerized to yield a sample with a broadened molecular weight 
distribution. 
— 4 
Addition of a low molecular weight fraction (M a 5 x 10 ) to 
high-MW (M = 5 x 10 ) material caused as much as an order of mag- 
nitude increase in fatigue crack growth rates. The effect of In- 
creased percentage of low-MW material on fatigue crack propagation 
rates varied non-linearly, with the first 57. and amounts over 15X 
having a large influence on fatigue behavior while additions between 
5 and 157. influenced FCP behavior to a relatively uniform degree. 
The addition of 0.5% (by weight) of a medium-molecular weight 
— ~       5 —        U (M = 3.5 x 10J)   PMMA to low-MW (M = 7 x 10 ) PMMA Increased craze x
 v v 
stability to the point where a stable fatigue crack could be estab- 
lished in the test specimen while none had been possible in normal 
distribution low-MW PMMA.  Increased percentages of medium-MW PMMA 
up to 2%  by weight resulted in a decrease in fatigue crack propaga- 
tion rates by up to two orders of magnitude.  An identical effect of 
decreased fatigue crack propagation rates was also observed with 
-    ~ 6 
additions  of  up   to  27. by weight   of high   (M     -   1.5 x   10   )  HH  PMMA   to 
the   low-MW matrix. 
Fatigue  striations,   corresponding in  spacing  to macroscopically 
measured crack growth rates, were   found  in  the high-MW  specimens at 
high AK.     At   lower AK,  no  striations were  observed.     In   low-MW 
samples with   less   than  17. of medium-  or high-MW additions,  discon- 
tinuous  growth bands were   found at   low AK levels.     Yield  strength 
values were  calculated by  equating  the band size   to  the correspond- 
ing plastic zone dimension as defined by  the Dugdalc  plastic  strip 
model.     These calculated yield  strength values agreed well with 
previously published data.    With  the addition of 27. medium- or 
high-MW PMMA   to a  low-M base,  craze  stability was increased  to the 
point  that no discontinuous growth bands were observed. 
INTRODUCTION 
The application of fracture mechanics principles to the analy- 
sis of fatigue in polymers has, in general, resulted in formulations 
similar to those commonly used for metals.   In 1973, Manson and 
Hertzberg reviewed the status of fatigue failure studies in poly- 
mers and found limited use of fracture mechanics concepts to de- 
2 
scribe  crack growth.     In general,   the  Paris  power relationship 
da/dN  = AAK    was   the specific   formulation used.     Since   the above 
review, there have been studies of fatigue crack propagation in 
3 
various amorphous polymer systems, such as polystyrene,  poly(vinyl 
A 5 
chloride) and poly(raethyl methacrylate),  in which fracture mechan- 
ics concepts have been successfully used to evaluate the effects of 
changes in various material parameters on fatigue crack propagation 
rates. 
It is interesting to note that these fracture mechanics con- 
cepts of fatigue crack propagation were originally (theoretically) 
formulated for the case of perfectly elastic materials; they do, 
however, apply to the amorphous, viscoelastic polymer systems to a 
remarkably close degree.  The viscoelastic behavior requires that 
strain rate-influencing variables such as waveform and frequency be 
accounted for in analyses of test results; this can be accomplished 
by holding any particular testing variable constant when investi- 
gating the effects of material variables. 
In addition to external test variables, treatments which 
essentially alter inccrmolcculnr bonding within the material may 
profoundly affect fatigue crack propagation (FCP) behavior.  For 
example, the presence of plasticizers has been found to have varying 
effects; external plasticization of PVC had little effect on FCP 
rates, while internally plasticized PMMA was found to have higher 
crack growth rates than the unplasticized system.  The addition of 
second phase particles, either mechanically or by co-polymerization 
will tend to reduce FCP rates by enhancing multiple crazing and sub- 
sequently de-localizing the damage done per loading cycle.  Finally, 
providing intermolecular ties in the form of crosslinks to poly- 
styrene has resulted in increased fatigue crack growth rates;  this 
was felt  to result from decreased ability to deform by crazing in 
the cross-linked material. 
Unique to polymeric systems is the ability to make material 
changes in the molecules themselves.  The simplest change involves 
molecular weight, wherein the lengths of all molecules in the speci- 
men are altered.  Studies of static properties of samples of varying 
8-10 
molecular weight    have revealed an increase in yield and tensile 
strength levels with increasing molecular weight, up to a certain 
"critical" molecular weight H ; at M> M , tensile properties 
c c 
remained essentially constant.  Fatigue crack propagation studies 
4 5 
of samples of varying molecular weight '  have also revealed 
improved response (lower crack growth rates) with increasing molec- 
ular weight.  There are, however, no data identifying a critical 
molecular weight above which crack propagation response levels off; 
FCP rates have been shown to decrease steadily with increasing 
molecular weight for all samples tested. 
The influence of molecular weight distribution, that is, the 
distribution of chain lengths within the sample, on FCP response 
has received little or no attention. Thomas and Hagen  reported 
that broadened molecular weight distribution raised the fracture 
energy of polystyrene.  There are, however, no reports available 
on the effect of changing molecular weight distribution on fatigue 
crack progation.  The combined effect of internal and external 
variables on the fatigue behavior of polymeric solids points out 
the need for the systematic characterization of the properties of 
these materials. 
Examination of the fracture surfaces of several polymer 
systems ' ' '   has revealed the existence of two distinct crack 
growth mechanisms.  At high values of stress intensity range and 
molecular weight, the crack tends to advance with each loading 
cycle, and the resulting fracture surface is either essentially 
featureless or exhibits a fatigue striation pattern, with each 
striation corresponding to one loading cycle. 
Several polymer systems, however, reveal a second type of 
crack growth pattern.  The surfaces of such specimens reveal a 
set of parallel bands which are much larger (by a factor of 10 to 
12 13 
several thousand)  '   than the crack growth rate per cycle at 
that crack length location.  The bands exhibit an internal structure 
12 
of voids,  with the voids gradually decreasing in size across 
tho band in the direction of crack growth.  The size of these 
discontinuous growth bands has been calculated to be approximately 
equal to the size of the plastic zone at the tip of the crack as 
14 15 
calculated by the Dugdale plastic strip model  *   in which the 
plastic zone size is given as r  «■» TT ( ) •  Yield strengths 
12 
of polymers calculated by using this model have been found 
to agree very well with crazing strengths measured from tensile 
tests. 
Discontinuous crack growth has been found to occur in two 
12 distinct steps.    First, a craze continuously enlarges in front 
of the stationary crack tip.  Then, when the craze reaches some 
limiting size, the crack extends completely through the craze 
during the next loading cycle.  Recent observations by Hertzberg, 
13 Skibo, and Manson  indicate that the craze reaches over 807. of 
its final length in the first 107. of the cyclic band life.  It 
then remains almost constant in length while thickening presumably 
until about 90% of the craze zone life has been consumed. At 
this point the craze again lengthens until the crack jumps completely 
through the entire zone. 
Looking at the discontinuous growth process from a mechanistic 
13 point of view, it has been proposed  that in the craze zone ahead 
of the crack tip, the applied loads are transmitted by numerous 
molecular entanglements made up of the longer chains in the polymer. 
Under cyclic loading conditions, some of the longer chain networks 
disentangle as a result of viscous flov; therefore, norc load 
must be carried by the remaining intact chains.  Crack advance Is 
then considered to take place when the load to be carried exceeds 
the collective load-bearing capability of the remaining crazo- 
spanning bundles.  The crack advances across the craze vith all 
remaining entanglements rupturing in the process, before stopping 
at the undeformed material ahead of the original damaged zone. 
The above model may be used to understand the conditions 
under which discontinuous crack growth has been observed to occur. 
The proposed mechanism depends on the existence of a single craze 
in which cyclic damage is concentrated; thus, conditions conducive 
to multiple crazing will tend to inhibit discontinuous crack growth 
by dissipating cyclic damage over a larger material volume. 
In those systems in which discontinuous growth has been ob- 
served ' * *' '   (those not susceptible are, in general, systems 
showing a strong inclination toward multiple craze formation), 
discontinuous growth is more likely under conditions of 1) low 
stress intensity factor range, 2) high test frequency and 3) low 
molecular weight. All three factors will tend to favor development 
of a single craze as opposed to multiple crazes.  That is, low stress 
intensity will tend to localize damage in a very small area, high 
frequency will not give sufficient time for vlscoelastic processes 
to operate to a sufficient extent to allow multiple crazes to form 
or other deformation mechanisms to become activated, and low mole- 
cular weight will lead to a weak craze which has only a few mole- 
cular entanglements capable of spanning the craze. 
7 
Detailed examination of molecular weight effects on discontin- 
uous crock growth reveals the actual situation to bo quite complex. 
In PMMA, no discontinuous growth bands have been found in samples with 
— IS        16 
M over 2 x 10 .   Kausch  has proposed that molecules of over a 
v 
certain critical length are necessary to form entanglements that can 
span a developing craze.  Samples of higher molecular weight will 
have more molecules over this critical length, and thus the crazes 
that form will be more stable. 
The previous discussion, however, implicitly assumes the 
existence of a molecular weight distribution of approximately the 
same width for all molecular weights.  The same effect of increased 
craze stability should be obtained by holding molecular weight 
constant but, rather, broadening molecular weight distribution.  One 
should be able to create samples of varied MWD by blending small 
amount of high molecular weight material in low or vice versa, and 
by examination of fatigue fracture surfaces of the resulting 
specimens, better characterize the conditions necessary for dis- 
continuous growth of the fatigue crack. 
In this study, a program of fatigue crack propagation testing 
and fractographic examination was performed on samples of poly(methyl 
methacrylate) in which the molecular weight distribution was broadened 
by blending varying fractions of widely different molecular weights. 
The purposes of this program were 1) to examine the effects of 
broadened molecular weight distribution on fatigue crack propagation 
rates and 2) by fractographic examination, determine which crack 
8 
growth mechanisms arc operative as stress intensity and molecular 
weight distribution arc changed. 
PROCEDURE 
Materials used in this study were prepared by Dr. S. L. Kim. 
In order to ensure the closest possible control of characteristics, 
molecular weight distribution samples of poly(methyl methacrylate) 
were prepared in the laboratory by a two step process.  First, the 
material constituting the minor fraction of the sample was poly- 
merized. This component was then dissolved in monomer which was 
then polymerized so as to produce a polymer with a bimodal distri- 
bution. With the exception of one sample series, the polymerization 
process for both minor and major fractions of each polymer was 
driven by using thermal energy (heat). One series, containing 
low molecular weight fractions in a high molecular weight matrix, 
was polymerized by the use of ultraviolet light as the source of 
polymerization energy. 
Characterizations of molecular weight and dynamic mechanical 
properties were conducted for both the minor additions (prior to 
addition to monomer)  and the final samples.  Viscosity average 
molecular weight, M , was measured in benzene by the use of a 
Cannon-Ubbelohde dilution viscometer, using the relation [T13-5.5 x 
10 M  "  ;   number average and weight average molecular weights, 
M and M , were measured by the use of a Waters Model 6000A Gel 
Permeation Chromatograph.  Dynamic mechanical properties were 
measured by the use of a Rheovibron. 
A summary of the wide distribution PMMA samples is given in 
Table I. 
10 
TABLE 1 
Summary of Wide Distribution PMMA Samples 
METHOD OF SAMPLES, 
POLYMERIZATION 
M
v MATRIX 
4.8 x 106 
v ADD 
5.5 x 
X ADDITION 
SERIES OF MATRIX IT IONS 
< 104
BY WEIGHT 
H-L Thermal 0,1,5,10 
3.3 x 30 
H-LU Ultraviolet 5.3 x 106 3.3 x l04" 0,2,5,10,20 
L-H Thermal 7.2 x 104 1.5 x 106 0.5* 1,2* 
L-M Thermal 7.2 x 104 3.5 x 105 0.5, 1,2* 
*-narrow distribution (0 wt.7. addition) samples previously found to 
be too brittle to test. 
-0.5% sample used for fractography only. 
All materials were machined into standard geometry compact 
18 
tension samples per ASTM E399 specifications   (Figure 1). Where 
possible, a specimen width of 63.5 mm was used; when available 
materials were limited, specimen width was reduced appropriately. 
In all cases, a height/width ratio of 0.6 was maintained. 
Samples were fatigue tested on an MTS closed-loop electro- 
hydraulic testing machine, using a 9 kN load frame. Samples were 
precracked at 100 Hz until a stable crack front was established, 
and the actual crack growth data were then measured at 10 Hz. All 
testing was done with a minimum/maximum load ratio (R-value) of 0.1. 
Crack position was followed with a Gaertner traveling microscope, 
Crack measurement intervals were adjusted to give a crack advance 
of 0.1-0.3 mm between readings; this is sufficiently larger than 
the maximum crack advance amount to ensure that the crack would 
11 
advance several times between readings, even if it grew dincon- 
tinuously. 
Crack growth data were analyzed using a  computer program. 
Stress intensity factors were calculated using the formula 
AK=YAo/a, where Aaa stress range = —, (AP ■ load range, t»speci- tw 
merit thickness, w = specimen width), a " crack length (see Figure 1), 
a  18 
and Y = geometric correction factor fCy").   The crack growth rate 
at a particular point was calculated to be the average crack growth 
rate from the previous to the succeeding point; that is, 0*a/dN) ■ 
a
n+L - an-l 
•a \~ZTI  where a = crack length and N = total number of cycles 
n+1 " n-1 
at the time of each crack tip reading. 
Following calculation of AK and da/dN for all points, a least 
squares fit was mathematically performed to obtain values for A and 
m in the general Paris power law.  A relative value for fracture 
toughness Kcf was calculated based on the value of the AK for the 
AKf 
last data point by use of the relation Kc^ °"T~r. 
Values for AK, da/dN, A, m, and Kcf were tabulated and printed 
by computer. A typical computer printout is seen in Table 2. The 
computer plotter was used both for direct plotting of da/dN vs. AK 
data and sample-to-sample comparisons. 
Fractographic studies were performed on an ETEC Autoscan Scan- 
ning Electron Microscope.  Prior to examination, samples were coated 
with gold and carbon to prevent charge buildup on the surface. 
These samples were found to be susceptible to electron beam damage 
(Figure 2) which required that the electron beam accelerating poten- 
tial be limited to 5kV. 
12 
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RESULTS AND DISCUSSION 
Testing of Broad Molecular Weight Distribution PMMA 
Characterization 
The molecular weight and molecular weight distribution for 
broad molecular weight samples which were successfully fatigue 
tested are characterized in Table 3. 
TABLE 3 
Characterization of Broad MWD PMMA 
SAMPLE M V 
4.8 x io6 
M 
n 
IO5 
M 
w 
1.3 x IO6 
M /M 
w n 
H 4.2 X 3.1 
H1L 4.9 X 106 2.4 X IO5 1.8 X !06 7.4 
H5L 2.2 X io6 2.8 X io5 1.6 X IO6 5.5 
H10L 7.8 X 105 1.1 X io5 6.6 X io5 5.7 
H30L 1.5 X IO5 2.3 X io4 1.1 X io5 4.7 
H-U 5.3 X io6 4.5 X io5 1.3 X io6 2.9 
H2LU 1.2 X 106 1.5 X io5 6.3 X io5 4.3 
H5LU 8.2 X IO5 1.1 X io5 4.9 X l05 4.5 
H10LU 3.8 X IO5 4.1 X io4 2.9 X <io5 7.0 
H20LU 2.5 X io5 3.0 X io4 1.5 X io5 5.1 
L1H 1.0 X io5 1.4 X io4 5.8 X !04 4.1 
L2H 1.0 X 105 2.1 X io4 7.5 X IO4 3.5 
L.5M 8.6 X 10* 2.3 X io4 6.7 X IO4 2.9 
L1M 1.1 X 105 1.1 X io4 4.7 X IO4 4.4 
L2M 1.4 X 105 1.7 X io4 5.4 X IO4 3.3 
14 
Molecular weight characterizations indicate that the desired 
results were acheived.  Addition of low-M fractions to high M 
materials tended to lower all molecular weight averages, and addition 
of a high-M component raised them. The M /M ratio, an indication 
of the breadth of the distribution of chain lengths, is larger 
for the two-component samples than for the single distribution 
(matrix only) samples.  High glass transition temperatures measured 
for the UV-polymerized samples may indicate that some cross-linking 
occurred during the polymerization process. 
Due to the nature of the procedure adopted for polymerization, 
it was not always possible to obtain an orderly, uniformly separated 
series of molecular weight progressions within a particular family 
of samples, and in several cases, (for example, the M of H5L) an 
anomalous result was acheived. These inconsistencies are sporadic 
and felt not to be of significance. 
FCP testing of high-MW matrix samples 
Fatigue crack propagation data for high-MW matrix samples are 
presented in Figures 3 and 4 and Table 4.  It can be seen from 
Figures 3 and 4 that the log AK vs. log da/dN plots for these 
materials do not follow the predicted straight line relationship 
over the entire test range.  Instead, there appear to be two dis- 
tinct portions to each curve, each with its own slope. When 
examining the fatigue fracture surface of each sample with the naked 
eye, a change in appearance from a rough to a smooth texture is 
seen at the point of slope change. When viewed in the scanning 
15 
electron microscope, this transition region corresponded to the 
point where fatigue striations first became visible. 
The calculated values of A (pre-expotential constant) and m 
(exponent) from the Paris relationship -rrr^AAk arc presented 
in Table 4.  Separate values were calculated for both sections of 
the curve, and a transition value of AK corresponding to the 
point of slope change is also listed.  The relative fracture tough- 
ness Kcf is also listed. 
TABLE 4 
Summary of FCP Results - High Matrix Samples 
Sample 
H 
H1L 
H5L 
Lower Portion 
A       M 
1.4 x 10 
3.2 x 10 
8.4x 10 
-4 
-4 
-4 
H10L       6.4x10 
H30L       1.8x10 
-4 
-3 
6.0 
4.3 
6.8 
5.7 
5.7 
Transition  Upper Portion 
AK        A 
.97 
.96 
.81 
.90 
.81 
1.7 x 10 -4 
4.7x 10 -4 
2.3x 10 -2 
8 x 10 -3 
1.3x10 -2 
M 
12.0 
13.7 
11.5 
29.7 
14.8 
K No. of cf specimens 
1.54   1 
1.40 
1.20 
1.09 
1.12 
1 
2 
2 
2 
H-U   3.7x10 -4 
H2LU 6 x 10 
H5LU       8.1x10 
H10LU    8.1x10" 
H20LU     1.2x10 -3 
9.0 
5.9 
5.5 
5.5 
4.2 
0.90 
.82 
* 
.85 
.69 
9 x 10 ^ 17.3 
7 x 10"3 19.4 
5.9xl0"2 34.0 
2 x 10"1  19.8 
1.30 
1.02 
0.98* 
1.13 
1.05 
*-sample failed prematurely -- no transition behavior observed. 
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For both groups of samples, increased amounts of the lov-M 
component led to increased fatigue crack propagation rates. The 
influence of a low-M fraction addition on FCP rates was not uniform 
(Figure 5). Addition of 1-27. low-M material was sufficient to 
increase crack growth rates by a factor of approximately 5, but 
further additions up to 107. had little additional effect on FCP. 
Above 107., the crack growth rates increased again at a given AK 
level. 
It is suggested that a free volume effect was responsible for 
the large sensitivity of FCP rates to small additions of low-M 
material. The first few weight percent of iow-M material added 
introduced large numbers of chain ends, and their attendant free 
volume, to the polymer.  Under cyclic loading conditions, this 
increased free volume provided additional pathways for cyclic 
disentanglement and fatigue crack growth. 
With low-M additions of from 2 to about 107., the effect was to 
dilute the matrix material to a considerably smaller extent. While 
free volume and resultant "disentanglement pathways" continued to 
increase, their relative increase became considerably less. 
When more than 107. of short chains were added to high-M PMMA, 
the entire character of the material is believed to have changed. 
If the ratio of short chain to long chain molecular weights ia 0.01, 
the approximate value for this study, at 107. by weight short molecules 
(equivalent to the H10L samples), over 907. of the chains would be 
short.  Thus, the material would begin to act like low matrix PMMA 
17 
with  high-MW  additions. 
Figure   6  presents  a  comparison of   two different  methods  of 
energy   input   for polymerization.     It  can be  seen  that no significant 
effect  of  source of polymerization  energy on  FCP was  observed. 
Rather,   fatigue behavior was  dominated by  the  previously discussed 
molecular weight  effects. 
FCP testing of  low-MW matrix  PMMA 
Results  of testing  the  low-MW matrix materials with high and 
medium additions are   found  in Table  5 and  Figures  7  and 8. 
The   low matrix PMMA's  again exhibited a  two-slope da/dN vs. 
AK curve,   but  this   time without a  sudden  transition  in  fracture 
surface appearance. 
TABLE  5 
Summary of  FCP Results - Low Matrix Samples 
Lower  Portion        Transition      Upper Portion No.  of 
Sample A M AK  A M cf    specimens 
L1H 1.2 xlO"3 
L2H 6.4 xlO"4 
L.5M 3.5xl0"3 
L1M 2.8xl0~3 
L2M*    4.4xl0~3 
5 -2 L 1.1x10 
M5    2.65 xlO"4 
*-sample  failed at unexpectedly   low AK  level  -- probable  production 
defect. 
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3.0 .58 
2.6 .70 
3.9 .53 
3.7 .76 
4.8 .62 
4.8 .51 
4.9 .85 
6 x 10'3 6.1 .79 1 
5 x 10~3 8.4 1.0 1 
2.7x 10"2 7.1 .95 1 
5 x 10"2 14.2 1.09 2 
3.5x 10"2 9.1 .84* 1 
5.6 xlO"1 10.6 .78 1 
2.9x10~3 19.5 1.04 1 
It can be seen from Table 5 that an increase in the number of 
long chain molecules added to the low molecular weight matrix 
resulted in both decreased fatigue crack, growth rates (as measured by 
A and m) and higher relative fracture toughness K ,.  The effect 
c t 
occurred whether the extra long chains were added via increased 
molecular weight of the addition (L-M to L-H) or by increased 
weight percent of each addition. 
In Figures 7 and 8, the amount of improvement in FCP response 
is seen to be more pronounced at higher values of AK.  This can 
perhaps best be explained by use of the cyclic disentanglement model 
13 
recently proposed by Hertzberg, Skibo and Manson,   At low AK, only 
small amounts of damage are introduced per cycle. The crazes that 
form are small, and relatively short chains are sufficient to trans- 
fer the load across the craze.  At higher AK levels, the craze must 
support a larger stress; the short chains and associated entangle- 
ments are no longer able to carry the required loads.  Thus, at 
higher AK levels, the materials containing larger numbers of long 
chains would be expected to exhibit superior resistance to fatigue 
crack propagation. 
It is interesting to note that normal, narrow distribution 
samples of the low matrix PMMA were previously prepared,  but 
proved too brittle to test. Addition of only 0.57. by weight of 
medium molecular weight chains produced sufficient toughness to 
permit establishment of a stably growing fatigue crack.  In brief, 
small additions of high-MW material exert a strong beneficial effect 
on FCP, far in excess of their numbers relative to the amount of 
19 
ma trlx material. 
Summary 
The effect of broadening the molecular weight distribution 
can be considered in terms of the cyclic-induced disentanglement 
13 
crack growth model.   When adding small amounts of low-M polymer 
to a high M matrix, the number of chains capable of forming craze- 
spanning entanglements is reduced, but there still are sufficient 
numbers to maintain a relatively high level of fatigue crack propa- 
gation resistance.  When making high-or medium-M additions to a 
low-M matrix (M<MC), on the other hand, even a small percent 
addition greatly increases the number of molecules capable of 
forming the stable entanglements necessary for good fatigue crack 
propagation resistance. 
The strong influence of a small fraction of long chains 
indicates that the FCP behavior is largely controlled by the 
absolute number of available long chains, rather than the ratio 
of long to short. 
Fractography 
High MW Matrix-Low Stress Intensity 
SEM examination of selected high matrix samples revealed two 
types of surfaces. At low AK, the surfaces appeared almost perfectly 
flat, with classic river patterns pointing in the direction of crack 
growth (Figure 9). 
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As the percentage of addition Increased above 107., the 
surface began to lose its flat appearance and exhibited a finite 
"blocky" structure.  Two examples of this morphology are shown 
in Figure 10, along with a low matrix sample for comparison. 
Examination of all three samples reveals a striking similarity; 
apparently, when 20 percent or more low-M fraction i3 added, such 
that the number of short chains greatly exceeds the number of 
long molecules, fatigue behavior is strongly influenced by the 
low-M fraction. 
The similarity between the fracture surface appearance in 
the H30L and L2H sample suggests that their macroscopic fatigue 
crack growth rate might be comparable.  It can be seen that the FCP 
behaviors of these two specimens are, in fact, comparable through- 
out the entire test range (Figure 11). As suggested by the simil- 
arity in fracture surface appearance, the fatigue crack propagation 
response of high matrix samples was controlled by the low molecular 
weight addition when over 207. low-MW material was added to the 
high-M matrix. 
Experimental difficulties prevented detailed examination of 
the flat surfaces of the high matrix samples containing less than 
207. low-MW additions. As already noted, above about 1000X, the 
energy input of the scanning electron microscope's beam was 
sufficient to induce sample damage. 
High MW Matrix - High Stress Intensity Range 
At values of AK above the slope transition previously noted, 
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distinct fatigue striations were visible ns seen in Figure 12. 
Measurements of fatigue striation spacing were taken from several 
samples and found to correspond closely to the macroscopically 
measured growth rate at that location (Figure 13). 
Sample IDOL presented a somewhat different surface appearance 
at high AK levels (Figure 14).  A coarse banded pattern of rela- 
tively constant spacing was seen over a large percentage of the 
surface.  Examination at higher magnification (Figure 15a) showed 
a series of lines too large to be striations or discontinuous growth 
bands. When these lines were examined in greater detail (Figure 15b) 
two distinct regions were observed.  The first showed numerous 
voids, indicative of failure through a craze.  The flat, patchy 
areas suggest that the crack proceeded along the boundary between 
crazed and undeformed material, the patches being formed when the 
crack jumped from one boundary to the other. This phenomenon has 
19 20 previously been seen to occur during fracture in polystyrene.  ' 
Low-MW Matrix - Low Stress Intensity Range 
Low-MW matrix samples presented a less clear-cut fracture 
surface appearance. At low AK, all low matrix samples exhibited 
a distinct blocky structure similar to that seen in high matrix 
samples with 207. or more of low-M additions (Figures 11 and 16). 
Samples with the very lowest amounts of additions (1.5M, L1M, L1H) 
showed a distinct discontinuous growth band structure within the 
overall blocky surface (Figure 16a and b). An enlargement of one 
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of these areas, shown in Figure 17, confirms the presence of the 
classic discontinuous growth mechanism -- each band consisted of 
voids decreasing in size in the direction of crack growth. 
DG band sizes were measured for samples LlH, 1.5M and L1M and 
found to follow the predicted second power dependence with AK 
(Figure 18).  Yield strengths were computed based on the Dugdale 
14 15 plastic strip model,  '   by equating the band size to the plastic 
zone size.  Results of this calculation are given in Table 6. 
TABLE 6 
Calculated Yield Strengths Based on Dugdale Model 
M Sample     Calculated a     ,  MPa        v 
 c  yg   
L.5M 60.8 8.6 x 104 
L1M 86.2 1.1 x 105 
( 
LlH 83.6 1 x 105 
The computed yield strengths for L1M and LlH agreed closely 
with the value of yield strength of 83 MPa reported by Morgan and 
21 
Ward,  while that for the lower molecular weight L.5M sample 
was considerably lower. This confirms previous reports showing 
that yield strength and other tensile properties rise quickly with 
increasing molecular weight, but level off above some critical M 
8-10 
value.     From the results of this study, this critical value 
for FMMA is estimated to occur at M ■ 1 x 10 , This is the same 
v 
8 10 
value of M previously reported by Kusy and Turner. ' 
An indication of the stability of the craze and resultant 
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discontinuous growth band may be gained by dividing the band size 
by the overall crack growth rate to compute the number of cycles 
represented by each band.  Figures 19a and 19b show the results 
of band stability calculations for L.5M and L1M/L1H, respectively. 
The band stability decreased with increased AK as shown previously 
12 for other materials.   Compared to previously reported data, how- 
ever, the L.5M contained fracture bands with cyclic stabilities as 
low as 15 cycles/band. This indicates that while a stable craze 
was formed with the addition of a small amount of medlum-M material 
to the low-M matrix, only a few craze-spanning entanglements existed, 
which caused, the band to break down quickly. 
In low matrix samples containing 27. of high or medium-M additions, 
no distinct discontinuous growth band pattern was seen (Figure 20). 
The disappearance of discontinuous growth bands associated with 2% 
by weight of high-M additions to a low-M matrix suggests that small 
additions of long chains are sufficient to increase craze stability 
to the point where multiple crazing begins and discontinuous growth 
no longer provides the preferred method of crack advance. 
In the low matrix samples with sufficient additions to prevent 
discontinuous growth band formation, there did exist a pattern 
within the grains somewhat reminiscent of the discontinuous growth 
patterns seen in the samples with lesser amounts of additions (Figure 
20).  However, these markings were much less distinct and much less 
extensive -- a single blocky area may have had only a few of these 
markings, rather than being completely covered by these fracture 
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lines.  Attempts to measure the size of these Irregular areas were 
not successful, as definition of a band was extremely difficult due 
to the lack of a distinct repeating unit (such as the void gradient 
found in the crisp, classic discontinuous growth band). 
Low Matrix - High Stress Intensity Range 
At higher AK, in those samples previously exhibiting discontin- 
uous growth the distinct DG bands again began to lose their crisp 
lineage.  Under these conditions, the crack front appears to be 
heavily segmented with the banded structure taking on a scalloped 
appearance (Figure 21).  Closer examination of these surface features 
(Figure 22) revealed two types of areas -- a region containing voids, 
in which all voids were essentially the same size, and an almost 
flat area with occasional sharp changes in elevation, which give 
the appearance of patches of material having been torn out. 
The patchy fracture surface again suggested, as in the case of 
the H30L sample at high AK, that crack advance was occurring by means 
of two concurrent processes -- growth through the middle of the craze, 
revealed by voids on the fracture surfaces, and growth along the 
\ 
craze boundary, resulting in flat areas.  The observed elevation 
changes were the result of crack growth changing from one mode to 
the other or from one craze-matrix boundary to the other.  The lack 
of an observed void size gradient in the void region indicates that 
either the craze developed and fractured in one cycle (felt to be 
unlikely due to the large size of these areas) or in relatively few 
cycles. 
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Measurement of these high-&K band sizes revealed that they 
too followed a second power dependence (Figure 23).  This docs not 
mean that the crack growth process remained the same.  In fact, 
the gross and detailed band structures were considerably different 
between low and high-AK areas. The second power dependence does, 
however, imply that these surface features were phenomenologically 
similar in that they were both related to the size of the plastic 
zone. 
The similarity of these bands to those seen at high AK on the 
H30L sample (Figure 14) suggests that the behavior of the H30L 
sample was governed more by the low-M addition than by the high-M 
matrix.  This is not surprising, since over 987. of the chains in 
the H30L sample are short. 
These high AK bands on both H30L and the low-matrix-low 7. 
addition samples appeared identical to the "scalloped striations" 
22 23 
reported previously in PMMA by Johnson  and Feltner.   Both of 
these studies were done on S-N type specimens, and thus no crack 
propagation data were obtained.  It is quite possible that these 
reported "striations" were not the result of single crack advance 
steps, but rather a discontinuous cracking process as observed in 
this study. 
No appreciable change in overall fracture surface appearance 
of L2M and L2H was noted when going from low to high AK. The 
blocky surface seen at low AK levels (Figure 20) persisted to 
26 
high AK regions (Figure 24), with the single change that Internal 
surface features appeared to be more distinct.  Upon detailed 
examination of these high AK. interior surface features, large 
changes in surface relief identical to that seen in L.5M, L1M, 
and L1H were noted.  The similarity of all low matrix samples 
at high AK suggests that material differences are overshadowed 
by the stress intensity field.  Such large amounts of damage are 
being introduced by the high stress level that the differences in 
material caused by the addition of a few percent of high-or 
medium-M chains become insignificant. 
27 
CON'CLUSIONS 
1. The rate of fatigue crack propagation in poly(methyl meth- 
acrylate) is strongly dependent on molecular weight distribution 
in addition to average molecular weight. 
2. Addition of only a few percent of high molecular weight PMMA 
to a low molecular weight matrix significantly enhances craze 
stability, to the point where samples previously found too 
brittle to test now exhibit stable fatigue crack growth. 
3. The strong beneficial effect of high-M additions to a low-M 
matrix is a consequence of the addition of long molecules 
capable of forming load-bearing entanglements across a craze. 
Low-M additions to a high-M matrix have a relatively lesser 
negative effect because large numbers of long molecules still 
exist in the matrix. 
4. The rapid increase in craze stability caused by the addition 
of high-M polymer to a low-M matrix also results in the crack 
growth mode changing from a discontinuous growth process to one 
in which the crack advances with each load application. 
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Figure 1 - Standard Compact Tension Specimen 
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Figure 2 - Sample Damage as a Result 
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Figure 4 - FCP Data for UV-Polymerized 
High-MW Matrix Samples 
32 
c 
o 3 
to 
g 
I 
V 
> 
«2 
AJ   (X, 
o o 
«W    C 
W   O 
I 
m 
i-i 
w/VDdlA)80 = W P 
aioAo/uuoi'Np/op 
33 
txJ 
_J 
>- o 
o 
© — H 
A 
— H- -U O 
¥ " 
o 
A 
- 
O 
A 
* 
© 
A 
•? " A 
o 
•-4. 
- 
A 
o 
A   O 
T " A    © 
o ^n? 
% 
A      ° 
.T o 
* o 
CD 
dP 
CD 
<$ 
? 
o 
*—t 
2 » 
i 
3 
i 
4 
i 
5 6 H Mo ° 2 
AK.   MPfl v/FT 
Figure  6(a)   - Comparison of FCP Rates  of 
Samples  Made by Different 
Polymerization   Processes   - 
H and  H-U 
34 
UJ 
_! 
O 
>- o 
CD 
cc 
CD 
CD 
- © — H5L 
A — H5LU 
Ml 
- 
CD 
- © 
*   " 
; 
CD 
O 
© 
T 
o 
O 
4* 
A 
f 
CD 
4 > 
I 3 i 4 
i 
5 6   7  h 9 hn °              2 
AK.    MPfl N/FT 
Figure  6(b) Comparison of FCP Rates of Samples 
Made by Different Polymerization 
Processes - H5L and H5LU 
35 
o 
>- 
en 
o 
~* 
O — H10L 
- 
A 
— HIOLU 
? 
- 
A 
o 
© 
Q 
A 
•? " 
o 
*-i- 
^ 
v J  s o 
■■ A 
*° 
© 
Ao 
T " 
o ^p 
T-±. 
^ A© 
- 
(D 
o 
»—l 
i ► i 3 
1 
4 
i 
5 B    7   H   In °                  £ 
X 
AK,    MPA N/FT 
Figure 6(c) - Comparison of FCP Rates of 
Samples Made by Different 
Polymerization Processes - 
H10L and HIOLU 
36 
o 
© - L 
A 
- L.5f1 
+ - LIM 
X - L2M 
o - M 
>- o 
o 
a: 
CD 
T 
3 
-i 1 1 1—T—i—r jr 
4       5     6769   10 
AK,    MPA N/M~ 
1 
Figure  7   -  FCP Data  for Low-MW Matrix 
Samples with Medium-MW Additions 
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(a)     H1L 
400X 
AK« 0.66 MPa/m 
Figure  9 -  Fracture Surfaces  of   High-MW Samples 
with Small Amounts  of Low-MW Additions 
at  Low AK. 
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(c)     H10LU 
400X 
AK-0.66 MPa/m 
Figure  9   (cont'd)   -  Fracture Surfaces  of  High-MW 
Samples with Small Amounts  of 
Lov-MW Addition at Low AK 
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(a)   H20LU 
280X 
AK-0.53 MPa/m 
(b) IDOL 
600X 
AK-0.56 MPa/tn 
Figure   10  -  Fracture Surfaces  of  High-MW Samples 
with Large Amounts of Low-MW Addition 
at  Low AK. 
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(c) L2H 
800X 
AK-0.35 MPa/m 
Figure 10 (cont'd) - Fracture Surfaces of High-MW 
Samples with Large Amounts of 
Low-MW Addition at Low AK. 
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Figure   12  -  Fatigue  str4-ations   in  High-MW 
Matrix  Samples 
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H30L 
110X 
AK -0.87 MPa/m 
Figure 14 - Coarse Banded Pattern in Sample 
H30L at High AK. 
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(a) 113 OL 
220X 
AK- 0.91 MPa/m 
(b)   H30L 
1200X 
AK-0.91  MPa/m 
Figure   15  - Details  of Coarse  Banded  Pattern   in H30L 
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(a)   L1H 
340X 
AK » 0.36 MPa/ra 
(b)  L.5H 
6A0 X 
AK-0.32 MPa/ro 
Figure   16  - Discontinuous Growth Bands   in Low-MW 
Matrix  Samples 
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Figure 17 - Void Size Gradient in Discontinuous 
Growth Bands 
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Figure 19(a) - Cyclic Band Stability as a 
Function of AK - Sample L.5M 
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Figure   19(b)   - Cyclic Band Stability as a 
Function of AK - Samples  L1H 
and  L1M 
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(a)  L2M 
64 OX 
AK = 0.35 MPa/tn 
(b)  L2H 
800X 
AK-0.35 MPa/tn 
Figure 20 - Fracture Surfaces of Low-MW Samples 
with 27. Added Material at Low AK. 
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a) L.5H 
A 8 OX 
&K- .41 MPa/m 
Figure  21  - Scalloped Band Structure  in Low 
Matrix Sample at High AK 
b)  L.5H 
1200X 
&K- .41 MPa/m 
Figure 22 - Detail of Scalloped Band Structure 
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80X 
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Figure 24 - Fracture Surface of L2M at High &K 
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Figure 25 - Detail of Fracture Surface of L2M at 
High &K 
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